Abstract -The effects of lifelong ethanol consumption and ageing on the morphology of locus coeruleus (LC) were studied in alcohol-preferring AA (Alko Alcohol) rats of both sexes. Ethanol (12% v/ v) was the only available liquid for the ethanol-consuming rats from 3 months up to 24 months of age. Young (3-month-old) and old (24-month-old) control groups were included in uSe measurements. The LC morphometry was performed by an unbiased disector method. In the old control rats, the total neuron number, neuronal density and the volume of the LC proper did not differ from the young controls. In the ethanol-exposed rats, the total neuron number of the LC was decreased by 30% and the LC neuronal density by 22%, compared to the age-matched controls. No gender difference was found in the vulnerability of LC neurons to ethanol-induced degeneration. The results suggest a remarkable sensitivity of the LC neurons to the ethanol-induced degeneration in both male and female rats. The possible mechanisms and functional implications of this neuronal loss are discussed.
INTRODUCTION
The locus coeruleus (LC) is one of the most widely projecting nuclei in the central nervous system (CNS) and provides most of the noradrenergic (NA) innervation to almost every region of the brain (Foote et al., 1983) . The LC is known to influence sleep-wake cycles, the level of vigilance, and emotion, and it is also suggested that the LC is an important centre for maintaining homeostasis within the central nervous system, or at least forms an integral part of such a centre (Mann, 1983) . Alterations in LC neuronal number and morphology have been reported in certain neurodegenerative diseases, such as Parkinson's disease and Alzheimer's disease (Chan-Palay and Asan, 1989a; German et al., 1992) .
It has been documented that both ageing and chronic alcohol consumption may impair NA function in the CNS (Prahan, 1980; Hoffman and Tabakoff, 1985) . Although some studies have shown a reduced number of neurons in the LC of alcoholics (Mayes et al., 1988; Arango et al., *Author to whom correspondence should be addressed at: Tampere School of Public Health, University of Tampere, Box 607, Fin-33101, Tampere. Finland. 1994 ) and also an age-related neuronal loss in the LC has been reported (Vijayashankar and Brody, 1979; Mann, 1983; Yoshinaga, 1986) , some investigators have found no age-or ethanolinduced loss of neurons in the LC (Goldman and Coleman, 1980; Halliday et al., 1992; Baker et al., 1994; Mouton et al., 1994) . Although secular trends, species and strain differences could contribute to the controversy, the lack of unbiased methods for counting neurons may play a central role (West, 1994) . A new generation of stereological techniques has been developed during recent years (Gundersen et al., 1988) , providing accurate, reproducible estimates of neuronal number, without the methodological assumptions of the conventional morphometric techniques. This experimental study was designed to clarify the effects of lifelong alcohol consumption and ageing on LC morphology in alcohol-preferring AA (Alko Alcohol) rats of both sexes by using the unbiased disector method. Parts of the present results have been reported at the 24th BAR Meeting in Imatra, Finland, 1996 (Lu et al, 1996 .
MATERIALS AND METHODS

Animals and diets
Alcohol-preferring AA rats of both sexes were used in the present study. This line was originally produced along with the alcohol-avoiding ANA (Alko Non-Alcohol) line by selective outbreeding for high and low levels of voluntary ethanol consumption, respectively (Eriksson, 1971; Eriksson and Rusi, 1981) . The AA rats have been shown to consume voluntarily intoxicating amounts of ethanol in a free-choice situation (Aalto, 1986) . The morphometric analyses reported here were performed on 36 rats divided into six groups of six rats each, as follows: two young (3-month-old) control groups of both sexes, two old (24-month) control groups of both sexes and two old (24-month) ethanol-consuming groups of both sexes. All the procedures were approved by the Ethical Committee at Alko Group Ltd. The ethanolexposed groups were given 12% (v/v) ethanol as the only available fluid from the age of 3 months up to 24 months of age, except for the selfselection periods (3 weeks) at the beginning and at the end of the exposure, when the rats were allowed a free choice between 10% ethanol and tap water, to measure their voluntary ethanol consumption. The young and old control groups had only water available. The rats were housed in stainless steel wire-mesh cages in groups of four to five animals each under a 12h/12h light/dark cycle at a temperature of 20 ± 1°C and relative humidity of 50 ± 5%. Food (RMl(E)SQC; SDS, Witham, UK) was always freely available for all groups. Individual daily ethanol intake was measured at the age of 3 months and again at 22 months of age. At 3 months of age, the male rats consumed 4.7 ± 0.4 g/kg of ethanol and the female rats 6.4 ± 0.3 g/kg, and at 22 months of age the male rats consumed 3.6 ± 0.8 g/kg and the female rats 6.9 ± 0.7 g/kg, respectively. After the individual measurements at 22 months of age, the rats were moved back into the group cages and exposure to ethanol was continued for up to 1 week before killing the rats for morphological studies.
Tissue preparation and histological procedures
The rats were deeply anaesthetized with sodium pentobarbital (60 mg/kg i.p.) prior to decapitation. The brain was promptly removed. The cerebellar peduncles were transected and the brainstem was separated by a transverse cut rostral to the inferior colliculi. The brainstem was further cut midsagittally in two halves. The tissue was fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) at 4°C for 24 h and then incubated in 10%, 20% and 30% sucrose in PBS to avoid cryodamage. The right side LC of each brainstem was processed for the morphometric analysis.
The brainstem was sectioned sagittally at 8 um in a cryostat. Six serial sections were collected on one slide for cresyl violet staining and the next two sections on another slide for immunohistochemistry. A total of 8-12 series of 8 sections were obtained from each rat. The noradrenergic nature of the neurons was ensured by immunohistochemical demonstration of tyrosine hydroxylase (TH) by the ABC reaction (Hsu et al., 1981) .
Morphometric analyses
The basic equipment for the stereological study consisted of an Olympus Vanox-t microscope (Olympus Inc., Tokyo, Japan), a Hamamatsu ARGUS-10 image processor and a video monitor.
From the Nissl-stained (cresyl violet) sections, the first and the last sections containing LC proper neurons were identified. The reference section on the first slide was chosen at random and the next section was the look-up section. If the chosen section was damaged, the next section was used. The boundaries of the LC proper were determined by the Nissl-stained sections and the adjacent sections with TH immuno-staining. The volume of the LC proper was estimated by using the point counting method (Gundersen and Jensen, 1987) . A systematic set of points was placed over the video image and grid points hitting the LC proper were counted semi-automatically. The volume of the LC proper V (re f) was obtained from the following equation:
3 ) = the total number of grid points hitting the LC proper x the area associated with each point corrected for magnification (0.0088 mm 2 ) x section thickness (0.008 mm) x the number of sections in each series (8 sections)
The total number of neurons was estimated by the disector method (Gundersen etal., 1988; West, 1994) on the Nissl-stained sections. Starting at a random point outside the LC, a counting frame (area 2500 u.m Fig. 1 . Sagittal sections from the locus coeruleus (LC) of young control and old control and an old ethanol-exposed rat. (A), (B) and (C) are sections from the above three rats respectively, whereas (D), (E) and (F) represent details of the same sections at a higher magnification. Note the well-preserved structure of the old control LC (B, E) and the reduced number of LC neurons after lifelong ethanol exposure (C, F). Most of the remaining LC neurons in the ethanol-exposed rat are small and the rostro-caudal orientation of the neuronal somata is less clear than in the control LCs. IV = fourth ventricle. Bar = 50 |im throughout.
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Statistical methods
The numerical data are expressed as means ± SEM. The overall effects of ageing and lifelong ethanol consumption on the total neuron numbers, neuronal density and volume of the LC proper were analysed by using two-way analysis of variance (ANOVA). The differences between the groups were further analysed by Bonferronicorrected f-tests. Gender differences in the sensitivity to ethanol-induced LC degeneration were analysed by analysis of covariance (ANCOVA) with ethanol intake (g/kg) as a covariate. A P < 0.05 was considered to indicate a significant difference between group means. All the computations were carried out by the BMDP statistical software (1993 version) on a VAX/VMS computer.
RESULTS
General observations
In the young control rats, the morphology of the LC proper was similar to that described in previous reports (Swanson, 1976; Crzanna and Molliver, 1980) . The LC proper in the young control rats was composed mostly of mediumsized (20-25 um), densely packed neurons with elongated somata, oriented with their long axes in the rostrocaudal direction (Fig. 1A,D) . For their large nuclei, prominent Nissl bodies and typical organization, the LC proper neurons were readily identified by cresyl violet staining. Virtually all the LC neurons were TH-positive in the immunostained sections. In the old control rats (Fig.  1B,E) , the organization of the LC proper and the overall appearance of the neurons were comparable to those of the young controls. In the ethanolexposed rats, in addition to the remarkable reduction in LC neuronal packing density, the typical orientation of the LC proper neurons was severely damaged (Fig. 1C,F ). There were very few neurons with elongated somata, and most of the remaining LC neurons were small and oval in shape. No remarkable gender differences in the LC morphology were found in any of the groups.
Morphometric results
Figures 2-4 illustrate the total numbers of neurons, neuronal density and volume of the LC proper respectively in the different groups. In the control groups, no significant age or gender differences were observed in any of the above three morphometric parameters, although there was a tendency towards the neuronal density being higher (Fig. 3 ) and the LC volume being lower (Fig. 4) in the young female rats compared to the male rats. In the ethanol-exposed rats of both sexes, the total number (Fig. 2 ) and the density (Fig. 3 ) of LC neurons were remarkably reduced.
In the male ethanol-exposed rats, the total neuron number was decreased by 30% (P < 0.001), and the density by 22% (P < 0.01) compared to the old control group. In the female ethanol-exposed rats the total neuron numbers were decreased by 27% (P < 0.001) and the density by 22% (P < 0.01) compared to the age-matched controls. The volume of the LC proper in the ethanol-exposed rats of both sexes was slightly but not significantly reduced compared to age-matched controls (Fig.  4) . No gender difference was found in any of the morphometric parameters in the ethanol-exposed groups (Figs 2-4) .
DISCUSSION
Experimental studies on ethanol-induced alterations in LC morphology are surprisingly few by guest on October 6, 2016
Downloaded from (Kjellstrom et al., 1993) , and there is no general agreement on the effect of chronic ethanol exposure on the LC. Recently, a 23% reduction in the total neuron number and a 46% reduction in the density of pigmented LC neurons were reported in human alcoholics (Arango et al., 1994) , whereas another study (Baker et al., 1994) found no effect of chronic alcohol consumption on human LC neuron number. Possible factors accounting for this discrepancy have been described by the authors, such as differences in age, sex or ethanol-induced organ complications between the groups studied, but methodological differences may also contribute to the discrepancy. The unbiased stereological methods have been expected to clarify the disagreements, since they eliminate potential sources of systematic errors inherent in previously available techniques (West, 1994) . The average LC neuron number of the control rats in the present study was 2280, which is somewhat higher than the previously reported numbers obtained by conventional morphometric methods, namely 2100 (Frischy and Grzanna, 1991) or 1600 (Swanson, 1976) .
The effects of ageing on the pigmented neurons of human LC have been studied by several groups using conventional morphometric methods (Vijayashankar and Brody, 1979; Mann, 1983; Yoshinaga, 1986; Chan-Palay and Asan, 1989b; Marcyniuk et al., 1989) , who have reported a 40-50% loss of LC neurons in age groups >60 years (Vijayashankar and Brody, 1979; Marcyniuk et al., 1989) . However, in a recent study (Mouton et al., 1994) using the unbiased disector method, no age-related neuronal loss was found in human LC up to 72 years of age. In an experimental study on age-related alterations in LC morphometry, no age-related loss of LC neurons was found in Fischer 344 rats up to 30 months of age (Goldman and Coleman, 1980) . The results of the present study are consistent with these observations, finding no loss of LC proper neurons up to 24 months of age in AA rats of either sex.
It has been suggested that the female brain may be more vulnerable to the neurotoxicity of ethanol (Linnoila et al., 1978; Harper et al., 1990; Lancaster, 1994) . However, no support for this assumption was found in the present study. Although ethanol consumption was higher in the female rats, there was no gender difference in the degree of morphological damage in the LC. We have also studied the morphology of the superior cervical ganglion (SCG) and the cerebellum in the rats used in the present study. Ethanol-induced neuronal degeneration was much less severe in these areas than in the LC, nor were gender differences in ethanol sensitivity found in the SCG or the cerebellum of the AA rats (Riikonen et al., 1996; Rintala et al., 1997) .
The mechanisms by which alcohol leads to LC neuronal loss are not entirely clear, but several possible pathogenetic mechanisms exist. In addition to a direct neurotoxicity of ethanol, the primary oxidative metabolite, acetaldehyde, has been shown to alter the metabolism of catecholamines and to form potentially neurotoxic compounds like tetrahydro-isoquinolines (THIQ) (Brien and Loomis, 1983; Fa and Dryhurst, 1991) . The concentration of salsolinol, a THIQderivative of dopamine, has been found to increase in the rat LC following chronic ethanol ingestion (Matsubara et al., 1987) . A role for salsolinol and its derivatives in the CNS neuropathology of chronic alcoholism has been suggested (Fa and Dryhurst, 1991) . Furthermore, ethanol-induced overactivity of catecholaminergic neurons may enhance the auto-oxidation of catecholamines, producing oxygen free radicals and semiquinones, which may eventually lead to neuronal death (Graham, 1978) . These metabolic characteristics may make the LC neurons more sensitive to ethanol-induced toxicity than other neuronal populations. The synapse-to-neuron ratio in rat LC has been shown to decrease after chronic ethanol exposure (Kjellstrom et al., 1993) . This finding suggests an impact of chronic ethanol exposure on the afferent input to LC. The reduction of the inhibitory afferent input may enhance the degeneration of the LC. A selective reduction of NA levels in the hippocampus and cingulate cortex has been reported in chronic alcoholics (Carlsson et al., 1980) , which might also reflect a primary degeneration of adrenergic axon terminals, resulting in a retrograde degeneration of the LC neurons. LC neurons are known to be susceptible to retrograde generation following experimental depletion of NA in rat CNS (Frischy and Grzanna, 1991; Zhang et al., 1995) . Chronic alcohol abuse has been reported to induce a loss of neurons in the cerebellum, thalamus, hippocampus and parts of the cerebral cortex (Crzanna and Molliver, 1980; Foote et al., 1983; Mann, 1983) by guest on October 6, 2016 Downloaded from -CNS areas with wide efferent and afferent connections with the LC. The loss of neurons in the LC might be secondary to the neuronal loss in these regions, or vice versa.
In addition to regulating brain functions in response to changes in the external world or in the viscera (Saper, 1987) , the NA system of LC is also associated with learning and memory (Zornetzer et al, 1978; Orgren et al, 1980) . It has been shown that severely demented patients with Alzheimer's disease (Bondareff et al., 1982) and patients with Parkinson's disease who also show mental impairment have more advanced neuronal loss in the LC than the mentally less affected patients with these diseases (Mann and Yates, 1983) . Experimental studies have shown that minimal LC damage may result in a wide variety of behavioural and physiological changes (Foote et al., 1983) . Therefore, the loss of LC neurons is likely to contribute to some symptoms of chronic alcoholics, such as depression or memory deficits.
In summary, this is the first report on the effects of chronic ethanol consumption on rat LC morphology, based on unbiased morphometric methods. A significant 30% reduction was found in the total number of LC neurons in AA rats of both sexes after lifelong alcohol consumption compared to non-alcohol controls. There were no gender differences in the vulnerability of the LC neurons to ethanol-induced degeneration. The functional implications of the ethanol-induced LC neuronal loss are currently being clarified in several behavioural studies.
